PEGylation is an established method for improving the pharmacokinetic properties and pharmacodynamic effects of therapeutic proteins.
Introduction
Lactoferrin (LF) is an 80-kDa member of the transferrin family of iron-binding glycoproteins and is found in various biological fluids, especially milk.
2) The multifunctional LF protein exhibits a wide variety of activities including immunomodulation, 3) iron binding, 4) anti-microbial, 5) anti-inflammatory, 6, 7) cell proliferation 8) and anti-oxidation. 9) This multitude of biological activities has created great interest in the use of LF in drug discovery.
10)
Recently, we have developed PEGylated LF with high biological activities and enhanced pharmacokinetics properties. 11) PEGylation refers to the modification of biological molecules by the linking of one or more polyethylene glycol (PEG) groups. This approach is utilized in many pharmaceutical and biotechnical applications. 12, 13) N-hydroxysuccinimide (NHS) active esters of PEG (PEG-NHS) are frequently used for the amino group modification of target proteins. NHS activated esters produce stable amide linkages between PEG and primary amines such as N-terminal α-amine and lysine ε-amine residues. PEG-NHS typically couples to the free amino group of the targeted protein at physiological pH, ranging from pH 7 to 9.
NHS active esters are known to possess highly hydrolytic activities under basic conditions.
Although bioconjugation by NHS active esters is generally considered to be the mechanism of PEGylation, detailed reports of actual PEGylated reactions by NHS active esters are rare.
Thus, the aim of this study was to investigate the kinetics of the conjugation reaction between branched PEG-NHS and bovine lactoferrin (bLF), focusing on pH dependency. The present investigation demonstrates the importance of the pH values in the PEGylated reactions. 
Conjugation reaction kinetics in buffers of different pH values
Two kinds of branched PEG-NHS with average molecular weights of 20 kDa (SUNBRIGHT GL2-200GS2, NOF Corporation, Tokyo, Japan) or 40 kDa (see above) were used. Conjugation reactions were carried out as described above except that the incubation time was 24 h, and the buffers used were phosphate-buffered saline (PBS, pH 7.4), 50 mM borate (pH 9.0) and Good's buffers (BICINE, CHES and TAPS, pH 9.0). Reaction samples (corresponding to 2 µg bLF) were taken at indicated times and subjected to 7.5% SDS-PAGE.
After CBB staining, intensities of CBB-stained bands were analyzed by Image J software and represented as graphs.
Hydrolysis half-life of PEG-NHS at pH 7.4 and 9.0
Conjugation reactions were carried out as described above except that each PEG-NHS was pre-incubated at pH 7.4 (PBS) or 9.0 (50 mM borate buffer) for the indicated times, and then mixed with bLF (final concentration 0.5 mg/ml) to start the coupling reactions.
PEGylation was carried out for 2 h at pH 7.4 (PBS) and for 1 h at pH 9.0 (50 mM borate buffer). Reactions were stopped by the addition of SDS-PAGE loading buffer. Reactants 
Kinetic analysis of PEGylated bLF with branched PEG-NHS at pH 7.4 and 9.0
Next, we compared the kinetics of conjugation reactions performed in a buffer at neutral pH (PBS at pH 7.4) to reactions at a higher pH (50 mM borate buffer at pH 9.0).
Reaction products were analyzed by SDS-PAGE, as shown in Fig. 3A-D . Intensities of the CBB-stained bands were analyzed by Image J software ( Fig. 3E and F) . At pH 7.4, the reactions involving 20-kDa and 40-kDa PEG-NHS proceeded smoothly up to 2 h, with reaction curves reaching a plateau thereafter (Fig. 3E) . In contrast, at pH 9.0, the 20-kDa and 40-kDa PEG-NHS reactions were so fast that steady states were reached within 10 min (Fig.   3F ). Regardless of the molecular mass of the PEG, very similar conjugation kinetics were observed (Fig 3E and F) . To determine whether the rapid reaction rate at pH 9.0 depended on pH value or on a component of the borate buffer, we carried out conjugation reactions of 20-kDa and 40-kDa PEG-NHS to bLF in three different Good's buffers (BICINE, CHES and TAPS, all at pH 9.0) under the same experimental conditions as used for the borate buffer (pH 9.0). For both 20-kDa and 40-kDa PEG-NHS, reaction rates of PEG-NHS with bLF in BICINE, CHES and TAPS buffers (pH 9.0) were very similar to those observed in borate buffer (pH 9.0) (data not shown), which suggested that rapid PEGylated reactions at pH 9.0 are simply dependent on pH value.
Hydrolysis half lives of branched PEG-NHS at pH 7.4 and 9.0
The PEG-NHS reaction rate is the result of the balance between the gain in reaction velocity and the loss of activated NHS esters by hydrolysis. Therefore, we determined the In summary, reaction and hydrolysis rates of PEG-NHS are relatively slow at near neutral pH (pH 7.4), but were much faster under alkaline conditions (pH 9.0). The reaction and hydrolysis rates of PEG-NHS were pH-dependent, but not dependent on the molecular mass of the PEG. As conjugation reaction rates were relatively slow at a near neutral pH, PEGylation could be easily regulated. However, the reaction and hydrolysis rates of PEG-NHS were fast under alkaline conditions, resulting in completion of the conjugation reaction in a relatively short time. Understanding of the pH-dependent properties of PEG-NHS is important to determine the optimal conditions for PEGylation. It is worthwhile to note that other parameters, such as temperatures, molecular ratios of PEG-NHS to the target protein and protein concentrations in the reaction mixture, are also essential for obtaining the optimal conditions for PEGylation (data not shown). 
Figure Legends

